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Abstract
The spatial-division multiplexing (SDM) is a promising technique to increase capacity
of the optical communications systems. These systems are currently approaching their
fundamental limit. Therefore, a new paradigm is needed to keep up the demands in traﬃc
growth. SDM takes advantage of the space dimension on the optic waveguides to send
independent signals at the same time, hence the capacity can be increased considerably.
In this work SDM is analyzed over few-mode ﬁbers (FMFs) and multi-core ﬁbers (MCFs).
These waveguides are strongly coupled and multiple-input-multiple-output (MIMO) dig-
ital signal processing (DSP) is required at the receiver to recover the transmitted signals.
The least-mean square (LMS) adaptive algorithm and the fourth power algorithm are
both explained and applied successfully to data obtained at the laboratory.
Diﬀerent experiments are reported in which the record single span 137-km transmission
over FMF is achieved and up to 1200-km over MCF are reached. Moreover, the ﬁrst
experimental mode-equalized optical distributed Raman ampliﬁcation is demonstrated.
The diﬀerent experimental results presented here conﬁrm that SDM can provide the basis
for a cost-, energy,- and spatial- eﬃcient systems to increase the capacity of the ﬁber-optic
communications in the future.
iv Spatial-Division Multiplexing for Coherent Optical Communications
Spatial-Division Multiplexing for Coherent Optical Communications v
Resum
La multiplexació per divisió espaial (SDM) és una prometedora tècnica per a incrementar
la capacitat dels sistemes òptics de comunicacions. Aquests sistemes actualment s'estan
apropant al seu límit fonamental. Per aquest motiu, es necessita un nou paradigma per
a poder mantenir el ritme actual de creixement del tràﬁc. La SDM aproﬁta la dimensió
espaial de les guies d'ona per a enviar senyals independents al mateix temps. Per tant, la
capacitat pot ser incrementada considerablement.
En aquest treball la SDM és analitzada en ﬁbres amb pocs modes de propagació (FMFs)
i en ﬁbres muli-core (MCFs). Aquests tipus de guies d'ona estan molt fortament acoblats
i sistemes de processat de senyal digital multiple-input-multiple-output (MIMO) són nec-
essaris en el receptor per a recuperar les senyals transmeses. L'algoritme adaptatiu least-
mean square (LMS) i l'algoritme de la quarta potència són explicats i aplicats amb èxit
a les dades obtingudes al laboratori.
Diferents experiments són analitzats, entre ells el rècord de transmissió sobre FMF de 137
km i una transmissió de ﬁns a 1200 km sobre MCF. A més a més, el primer ampliﬁcador
òptic distribuït Raman és demostrat experimentalment.
Els diferents resultats experimentals obtinguts aquí conﬁrmen que la SDM pot proveir les
bases d'uns sistemes econòmicament, espaialment i energèticament eﬁcients per a incre-
mentar la capacitat de les comunicacions per ﬁbra òptica en el futur.
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Resumen
La multiplexación por división espacial (SDM) es una prometedora técnica para incremen-
tar la capacidad de los sistemas ópticos de comunicaciones. Estos sistemas actualmente
se están acercando a su límite fundamental. Por lo tanto, se necesita un nuevo paradig-
ma para poder mantener el ritmo actual de crecimiento del tráﬁco. La SDM aprovecha
la dimesión espacial de las guías de onda para enviar señales independientes al mismo
tiempo. Por consiguiente, la capacidad puede ser incrementada considerablemente.
En este trabajo la SDM es analizada en ﬁbras con pocos modos de propagación (FMFs) y
en ﬁbras multi-core (MCFs). Estos tipos de guías de onda están fuertemente acopladas y
sistemas de procesado de señal digital multiple-input-multiple-output (MIMO) son nece-
sarios en el receptor para recuperar las señales transmitidas. El algoritmo adaptativo
least-mean square (LMS) y el algoritmo de la cuarta potencia son explicados y aplicados
con éxito a los datos obtenidos en el laboratorio.
Diferentes experimentos son analizados, entre ellos el récord de transmisión sobre FMF de
137 km y una transmisión de hasta 1200 km sobre MCF. Además, el primer ampliﬁcador
óptico distribuido Raman es demostrado experimentalmente.
Los diferentes resultados experimentales presentados aquí conﬁrman que la SDM puede
proveer las bases de uno sistemas económica, espacial y energéticamente eﬁcientes para
incrementar la capacidad de las comunicaciones por ﬁbra óptica en el futuro.
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Don't keep forever on the public road, going only where others have gone.
Leave the beaten track occasionally and dive into the woods. You will be cer-
tain to ﬁnd something you have never seen before. Of course it will be a little
thing, but do not ignore it. Follow it up, explore around it; one discovery will
lead to another, and before you know it you will have something worth thinking
about to occupy your mind. All really big discoveries are the result of thought.
Alexander Graham Bell
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OSNR optical signal-to-noise ratio.
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3CF three-core ﬁber.
3MF three-mode ﬁber.
ADC analog-to-digital converter.
AWGN additive white Gaussian noise.
B2B back-to-back.
BER bit-error rate.
BPF optical-bandpass ﬁlter.
BS beams splitters.
CD chromatic dispersion.
CL collimator.
CMA constant-modulus algorithm.
CPE carrier phase estimation.
CPR carrier phase recovery.
da data-aided.
DAC digital-to-analog converter.
DBBS De Bruijn binary sequence.
dd decision-directed.
DGD diﬀerential group delay.
DMMUX mode demultiplexer.
DMZM double-nested Mach-Zehnder modulator.
DSP digital signal processing.
ECL external cavity laser.
EDFA Erbium-doped ﬁber ampliﬁer.
FEC forward error correction code.
FIR ﬁnite-impulse-response.
FMF few-mode ﬁber.
FTTH ﬁber to the home.
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HPP horizontal pi-phase plate.
I Inphase.
LMS least-mean square.
LO local oscillator.
MCF multi-core ﬁber.
MDM mode-division multiplexing.
MIMO multiple-input-multiple-output.
MMF multi-mode ﬁber.
MMSE minimum-mean-square error.
MMUX mode multiplexer.
OFDM orthogonal frequency division multiplexing.
PBS polarization beam splitter.
PD-CRX polarization-diversity coherent receiver.
PDM polarization-division multiplexing.
PMD polarization mode dispersion.
PRBS pseudo-random-binary sequence.
Q Quadrature.
QAM quadrature-amplitude modulation.
QPSK quadrature phase-shift keyed.
SDM space-division multiplexing.
SMF single-mode ﬁber.
VOA variable optical attenuator.
VPP vertical pi-phase plate.
WDM wavelength-division multiplexing.
Chapter 1
Introduction
1.1 State of the art
The global communication traﬃc demand is increasing exponentially every year, ﬁgure
1.1 [9]. The optical communication systems are allowing this capacity growth on the core
network and most recently for domestic users with products like ﬁber to the home (FTTH).
The evolution of the optical systems during the last decades has been possible due to
wavelength-division multiplexing (WDM) (cost-eﬃcient use of diﬀerent wavelength on the
same single-mode ﬁber (SMF)), polarization-division multiplexing (PDM) (doubling the
capacity by using independently two orthogonal polarization), and advanced higher-order
modulation formats [10] (improving the spectral eﬃciency) like multi-carrier no-guard-
interval Coherent orthogonal frequency division multiplexing (OFDM) [11] or multicarrier
oﬀset-quadrature-amplitude modulation (QAM) [4, 8] proposed recently in the last few
years.
In 2010, the capacity limit of a SMF imposed by the Shannon limit [12] plus the nonlinear
ﬁber eﬀects was calculated [13] and shown in ﬁgure 1.2. Due to the increasing traﬃc
demand, optical transmission systems over SMF will reach this fundamental capacity
limit in the near future. In order to keep up with the demands in traﬃc growth it has
been recently suggested the space-division multiplexing (SDM) as a new cost-eﬃcient
dimension to increase the total capacity of the future systems [14].
The SDM can reach a higher capacity than the current SMF schemes [5]. In [15] it is
demonstrated that the full potential capacity of an optical space-division multiplexed
waveguide1 can be achieved if the transmitter is able to individually address all propaga-
tion modes supported by the space-division multiplexed channel and if the receiver is able
1in our case an optical ﬁber
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Figure 1.1: Exponential capacity evolution for diﬀerent communication systems [9].
to mode-selectively detect all propagation modes. Recently, it has been demonstrated
that a distributed Raman ampliﬁer can be used to amplify all the modes at the same
time on a few-mode ﬁber (FMF) [2]. Moreover, the digital signal processing (DSP) com-
plexity increases linearly with the number of spatial modes [6]. Considering the viability
of using ampliﬁers and how the complexity scales, the SDM can provide the basis for
a new generation of optical coherent systems that will increase signiﬁcantly the existing
capacity of a SMF with a cost-, space-, and energy-eﬃcient implementation [16].
Earlier demonstrations of optical SDM systems [17, 18] used a multi-mode ﬁber (MMF).
This schemes were limited in bandwidth and transmission distance by the lack of high
selective mode couplers to independently excite all the waveguide modes and the high
value of the diﬀerential group delay (DGD) on a MMF. More recently, two approaches
that selectively uses all the possibles waveguide-modes using FMF or multi-core ﬁber
(MCF) with optimized DGD have been proposed.
The ﬁrst approach suggested is to use a FMF in combination with a multiple-input-
multiple-output (MIMO) signal processing and to launch and coherently detect every
individual ﬁber-mode with selective mode couplers. In [19] the ﬁrst demonstration of a
full coherent 6 × 6 MIMO optical transmission over a 10-km FMF with six propagation
modes was presented achieving 6× 28 = 108 Gb/s over 10-km ﬁber.
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Figure 1.2: Nonlinear Shannon limit for optical communications [13].
The second approach is to use a MCF. By designing the diﬀerent ﬁber parameters the
crosstalk between cores can be almost completely suppressed, and thus each individual
core can be treated as an independent SMF [20, 21]. Moreover, strongly coupled MCF
can be used with promising results by using similar MIMO techniques as in the FMF
case [22, 23]. This kind of ﬁbers show the advantages of higher cores' eﬀective area than
low-crosstalk MCFs, thus a smaller impact of the ﬁber nonlinearities is found, and much
lower DGD than in FMF systems.
1.2 Motivation and structure
In this work diﬀerent experiments [2, 6, 3, 7] are presented where the latest advances
in SDM are shown. Both approaches introduced above, using FMF and MCF, are used
to study the viability of such systems on long-haul transmission. The discussion of the
promising results points out the main advantages of both types of ﬁbers and the main
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limitations of these systems to overcome the capacity crunch on the near future.
In chapter 2 it is shown the experimental setup for both types of ﬁbers. Also, the char-
acteristics and measurements of the propagation modes in the ﬁbers are presented and
a comparison between them is drawn. In chapter 3 the MIMO DSP used to undo the
crosstalk among the modes and to compensate the DGD is studied in detail. In chapter
4 the results of the transmission experiments, both for FMF and MCF, are discussed.
Furthermore, a mode-multiplexed single span record transmission distance over a FMF
and the ﬁrst distributed Raman ampliﬁcation for all the modes of a FMF are pointed out
and a method to estimate the channel impulse response is introduced and used to analyze
a 96-km FMF. Finally, in chapter 5 the conclusions of this work are assessed.
Chapter 2
Experimental Setup
In order to test a space-division multiplexing (SDM) system based on a few-mode ﬁber
(FMF) or a multi-core ﬁber (MCF) the setup in ﬁgure 2.1 was used [6, 7]. Once the system
is ready, the performance is veriﬁed with a back-to-back (B2B) measurement, where the
mode multiplexers (MMUX) are temporarily disconnected and there is no transmission,
i.e. the transmission distance is zero. This B2B measurement is used afterwards as a
reference to evaluate the quality and the power penalty of the transmission results in
chapter 4.
The SDM system presented in this work is composed of the following four main building
blocks.
• Signal Generation
• Fiber
• Mode multiplexer (MMUX) and demultiplexer (DMMUX)
• Receivers
In ﬁgure 2.1 the schematic of the complete system is shown and in the following sections
each block is described in detail.
2.1 Signal Generation
The signal generation block is drawn in ﬁgure 2.1. Three decorrelated and polarization
multiplexed transmission signals are generated starting with two independent non-return-
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Figure 2.1: Schematic of the complete system. Green, blue, and red indicate electrical, op-
tical, and electro-optical components respectively. The blue triangles represent EDFA and
the three circles a ﬁber delay. ECL: external cavity laser, DMZM: double-nested Mach-
Zehnder modulator, VOA: variable optical attenuator, PBS: polarization beam split-
ter, MMUX: mode multiplexer, DMMUX: mode demultiplexer, PD-CRX: polarization-
diversity coherent receiver, BPF: optical-bandpass ﬁlter.
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to-zero signals carrying a De Bruijn binary sequence (DBBS)1 with a period of 212 = 4096
symbols. The two independent sequences are used in order to avoid the artefacts produced
by the correlation between Inphase (I) and Quadrature (Q) components found in [6],
and explained in detail and its impact calculated in [1]. This artefacts, under certain
conditions, can lead to considerably underestimate the required optical signal-to-noise
ratio (OSNR) and can produce signiﬁcant eﬀects on the channel estimation as in [6].
The two patterns are implemented by using a two-channel pattern generator working at
20 Gbaud. These signals are used as I and Q components to drive a LiNbO3 double-
nested Mach-Zehnder modulator (DMZM) and as a result a quadrature phase-shift keyed
(QPSK) signal is generated. As a light source an external cavity laser (ECL) operating
at 1560 nm is used.
In order to emulate a real system and to double the capacity, polarization division mul-
tiplexing (PDM) is applied using a 90-degree polarization rotated copy with a delay of
12 ns (240 symbols) and combined with a polarization beam splitter (PBS) to create a
PDM-QPSK signal. This is then connected to a noise loading stage consisting of a variable
optical attenuator (VOA) in front of an Erbium-doped ﬁber ampliﬁer (EDFA), followed
by an optical-bandpass ﬁlter (BPF) with a 3-dB bandwidth of 1.3 nm plus an additional
high-power EDFA. The second EDFA is used because the output power after the ﬁrst
ampliﬁer is not enough for our system due to the high losses in the mode multiplexers
(MMUXs). The resulting PDM-QPSK signal is split into three copies and decorrelated
by 27 ns (540 symbols) and 53 ns (1060 symbols), respectively, to generate a total of
3× 2 = 6 QPSK decorrelated signals at 20 Gbaud, i.e. 240 Gb/s.
2.2 Fiber Technology
This block corresponds to the optical ﬁber to be investigated. A three-mode ﬁber (3MF)
or a three-core ﬁber (3CF) will be used by changing the spool and modifying the coupling
method into the ﬁber. In the main experimental results shown on chapter 4 a 96-km long
3MF spool and a 60-km 3CF spool were used.
2.2.1 Few-mode Fiber
The 96-km long 3MF was designed to allow propagation of the LP01 mode as well as the
two-times degenerate LP11 mode, subsequently referred to as the LP11a and the LP11b
1a DBBS of length 2N is a sequence with all the possible combinations of N bits appearing once. It is
similar to the widely used pseudo-random-binary sequence (PRBS) of length 2N−1 where all the possible
combinations of N bits, except the N consecutive zeros, appear once.
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modes. The 3MF has a depressed cladding index proﬁle with a normalized frequency of
V = 5. The index proﬁle was optimized in order to minimize and equalize the DGD to less
than 60 ps/km across the C-band (1530 to 1565 nm) and to eﬀectively cut oﬀ the LP21,
LP02, and the higher order modes. In this particular experiment the power launched in
each mode is 6 dBm.
Figure 2.2: Fiber proﬁles at the end of the FMF captured with an InGaAs infrared camera
after a) 33 km, b) 96 km and c) theory [7].
In ﬁgure 2.2 a) and b) it is shown the measured intensity proﬁle after 33 km and 96 km
respectively, and in ﬁgure 2.2 c) is plotted the theoretical mode intensity proﬁle. The
experimental results match well the theory. For each measurement, one mode, or combi-
nation of modes, was launched (LP01, LP11a, LP11b, and LP11a + LP11b for each column
respectively) and at the end of the ﬁber the intensity proﬁle is captured with an InGaAs
infrared camera. For the LP01 mode the image proﬁle is found to be independent of
polarization or ﬁber arrangement. However, when one of the LP11 modes is launched, a
linear combination of LP11a and LP11b is observed after propagation, and by moving the
ﬁber, e.g., by using an arrangement of loops similar to a manual polarization controller, it
is possible to generate intensity proﬁles similar to the expected from theory. During these
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measurements, strong polarization dependence of the coupling between the two degener-
ate LP11 modes is evident
2. In [24, 25], more details about the ﬁber modes and coupling
properties are explained.
2.2.2 Multi-core Fiber
The 60-km long 3CF has homogeneous cores with a separation between them of 29.4 µm,
which results in a distance from the center of the ﬁber of 17 µm. The diameter of each
core is 12.4 µm and has a refractive index diﬀerence ∆ = 0.27%. The ﬁber has a standard
cladding diameter of 125 µm, and the eﬀective area of each core was measured to be
(129± 2) µm2.
In ﬁgure 2.3 a) a cross-section of the ﬁber is shown. Comparing it to the ﬁber presented
in [26] the eﬀective area is increased by 25% and the distance between cores is 25%
smaller. The change in these parameters have dramatic impact on the coupling between
the cores (the coupling is found to be extreamly high). Also, by increasing the eﬀective
area the impact of the ﬁber nonlinearities is reduced. The ﬁber is designed to have a
cutoﬀ wavelength in each core around 1340-1360 nm. The chromatic dispersion (CD) and
the dispersion slope at λ = 1550 nm are designed to be approximately 21 ps/nm/km and
0.06 ps/nm2/km, respectively.
Figure 2.3: a) Cross-section of the 3CF. b)Fiber super-modes proﬁles of the 60-km 3CF
(upper row) and their far-ﬁelds (bottom row) row 1 to 3. An alternative basis for columns
2 and 3 is shown in columns 4 and 5 [3].
The attenuation is measured by launching light into a single core and receiving at the
output the power from all cores. The high coupling between the three cores prohibits
the detection of only a single core for measuring the attenuation. The crosstalk between
cores in the 3CF is so high that the power at the output of the 60-km ﬁber is identical
2the arrangement of loops is only used for obtaining the intensity proﬁles with the infrared camera
and they are not used in further measurements reported
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in all cores. At λ = 1550 nm the attenuation measured is almost identical for all input
conditions and has a value of 0.181 dB/km.
In ﬁgure 2.3 b), the measured linearly polarized super-modes of the 3CF (upper row)
and their far-ﬁelds (bottom row) are shown. The fundamental mode designated as LP01,
since it has common features with the LP01 mode of a FMF, is excited when all cores
are coupled with the same phase at coupling. The higher-order mode, called in this work
LP11, is degenerate, hence multiple basis representations are possible. The LP11, chosen
as a base in the ﬁgure, is obtained when a continuous phase jump of 2/3pi is applied
between the core modes. The second mode designated as LP ∗11 is the complex conjugated
of LP11. Alternatively a second basis for the LP11 mode is shown in column 4 and 5 of
ﬁgure 2.3 b). Note that in the LP representation each mode can have two orthogonal
polarizations and therefore a total of 6 independent transmission channels are available
for transmission.
In order to determine the maximum reach of the MCF in section 4.2 a loop experiment is
conducted. The system used is the same as explained above with the exception of a loop
arrangement implemented with three LiNbO3 loop switches. The schematic and more
details can be found in section 4.2.
2.3 Mode multiplexer and demultiplexer
When a 3MF is used a mode multiplexer (MMUX) to selectively couple the diﬀerent
modes is required. In case of using a MCF the selective property is not needed and
the multiplexing system is reduced to a SMF coupled into each of the cores. Figure 2.4
shows the schematic of a MMUX based on free space optics. The MMUX is required to
selectively excite all spatial modes propagating in the FMF, i.e. each SMF will excite
only one mode of the 3MF.
Three polarization multiplexed signals are fed into the MMUX using three SMF that are
terminated by a collimator (CL) resulting in a nominal beam diameter of 500 µm. These
collimated beams are then combined using beams splitters (BS) and a pair of lenses with
focal length f1 = 75 mm and f2 = 3.9 mm, respectively, are used to couple the beam into
the 3MF. Mode selectivity is achieved using phase plates with a pi phase jump between
two half planes, an horizontal pi-phase plate (HPP) is used for the LP11a and a vertical
pi-phase plate (VPP) is used for the LP11b as shown in ﬁgure 2.4. The phase plates are
made of 0.7-mm thick Borosilicate glass, and the phase structure was obtained by using
a photolithographic process. A similar principle has been previously described in more
detail in [27, 28].
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Figure 2.4: Schematic of the MMUX [6]. HPP: horizontal pi-phase plate, VPP: vertical
pi-phase plate, BS: beam splitter, SMF: single mode ﬁber, FMF: few mode ﬁber, f1 and
f2 are lenses of focal length 75 mm and 3.9 mm, respectively.
The design of the MMUX is reciprocal, meaning that an identical device can also be used
as mode demultiplexer (DMMUX) by interchanging the inputs and the outputs. In this
case the SMFs act as mode ﬁlters [29].
To characterize the described MMUX some properties were measured and calculated.
Coupling losses of 8.3 dB, 10.6 dB, and 9.0 dB were measured using a conﬁguration of
two MMUXs connected by a 2-m long FMF for the LP01, the LP11a, and LP11b modes,
respectively. Crosstalk induced by the two MMUXs was measured by launching the LP01
mode and measuring the power at both LP11 outputs. The crosstalk, deﬁned as the
power measured at one of the two LP11 ports divided by the power measured at the LP01
port of the receiving MMUX was below - 28 dB for both LP11 modes. Thus a strong
mode selectivity of the MMUX is conﬁrmed. Further details on the MMUX design and
performance are given in [7, 30].
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2.4 Coherent receiver
The schematic of the receiver is shown in ﬁgure 2.1 and the structure of a polarization-
diversity coherent receiver (PD-CRX) is found in ﬁgure 2.5. Each PD-CRX consists of a
PBS to split the received signal into two polarizations, followed by two optical 90 degree
hybrids, feed with a local oscillator (LO), whose output ports are connected to four pairs
of balanced photodiodes receivers (I-x polarization, Q-x polarization, I-y polarization,
and Q-y polarization). Three PD-CRXs are required, one for each PDM-QPSK signal,
resulting in 12 electrical high-speed signals.
Figure 2.5: Schematic of a PD-CRX. Green, blue, and red indicate electrical, optical,
and electro-optical components respectively. LO: local oscillator, PBS: polarization beam
splitter.
In the 3MF experiment these 12 signals were captured using 3 high-speed digital oscil-
loscopes with 4 ports each, operating at a sampling rate of 40 GS/s. The oscilloscopes
have a bandwidth of 15 GHz for PD-CRX0 and 16 GHz for PD-CRX1 and PD-CRX2,
respectively. However, in the 3CF experiment a fully synchronized 16 channel prototype
of LeCroy LabMaster digital oscilloscope with a bandwidth of 20 GHz was used. For each
measurement a total of four million samples were captured and a common trigger signal
produced by the pattern generator is used to start the simultaneous data acquisition on
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the oscilloscopes.
To simulate a more realistic system, where the transmitters and the receivers are placed in
diﬀerent facilities, a second ECL was used as a LO in an intradyne conﬁguration. The LO
frequency was adjusted to work within ±20 MHz of the central frequency of the received
signal.
After the experiment was performed, the 12 captured waveforms were stored and processed
in an oﬀ-line MIMO equalization explained in chapter 3.
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Chapter 3
MIMO DSP
In coherent optical transmission systems the PDM is used to double the capacity of a
single wavelength. Due to the polarization rotation inside the ﬁber and the polarization
mode dispersion (PMD) a 2 × 2 multiple-input-multiple-output (MIMO) digital signal
processing is widely used in current optical systems to both recover the polarization align-
ment and compensate for diﬀerential group delay (DGD). In this chapter these systems
are adapted to be used in space-division multiplexing (SDM). In [6] a complete description
of the following sections is found.
3.1 MIMO structure
In a mode-division multiplexing (MDM)1 over six modes, the 2 × 2 MIMO algorithms
can be scaled to a 6 × 6 MIMO for the 3MF and the 3CF, which have 6 spatial and
polarization modes.
In our 6× 6 MIMO (6× 6) 36 ﬁnite-impulse-response (FIR) adaptive ﬁlters are required,
while three parallel PDM over SMF systems (same capacity) would require only 3 ×
(2 × 2) = 12 FIR ﬁlters. Hence, the equalizer complexity increases by a factor of three
(assuming an equal number of taps per adaptive FIR ﬁlter). In general, going from M
uncoupled PDM systems over SMF to a full 2M × 2M MIMO over a coupled waveguide
results in a complexity increase of 4M2/(4M) = M [6].
Figure 3.1 shows a block-diagram of a network of 6 × 6 adaptive linear equalizers used
to approach the minimum-mean-square error (MMSE) independently for each branch,
1A three core scheme is also MDM system
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ym(k), according to
ym(k) =
[
6∑
n=1
wTm,n(k)xn(k)
]
exp[−jφˆm(k)]. (3.1)
Here, wm,n(k) is the L-element vector of equalizer coeﬃcients that undo the coupling
between the m-th transmitter and the n-th receiver at the k-th symbol, xn(k) is the L-
element vector of T/2 spaced received samples contributing to ym(k), and the superscript
T denotes the vector transpose.
Figure 3.1: Block diagram of the network of 6× 6 adaptive linear equalizers [6].
In ﬁgure 3.2 a complete block diagram of the MIMO equalizer is shown. For each of the six
channels, carrier phase estimation (CPE) of φm(k) is independently performed using the
fourth power algorithm [31]. This is a feedforward blind algorithm that takes advantage
of the QPSK symmetry. By taking to the fourth power of the phase of each symbol the
phase error can be easily estimated comparing the diﬀerence between them and 0 degree
and dividing it by four.
After the carrier phase recovery (CPR) is applied to obtain the estimation of the transmit
symbol, a hard decision of the Gray-mapped QPSK symbols is performed and the bit-error
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rate (BER) is estimated over one million bits.
3.2 Adaptive algorithm
For each of the 36 equalizers the estimation of the optimum coeﬃcients is continuously
updated using the least-mean square (LMS) algorithm [32] where
wm,n(k + 1) = wm,n(k) + µ[dm(k −∆)− ym(k −∆)]xn(k −∆)exp[−jφˆm(k −∆)]. (3.2)
Here, dm(k) = aˆm(k) is the k-th received symbol of the m-th MDM channel after hard
decision, and ∆ is the delay for estimating the carrier phase φm(k) over causal and anti-
causal components.
Figure 3.2: MIMO equalization algorithm [6].
In order to achieve convergence of the above decision-directed LMS algorithm, proper
initialization of the equalizer coeﬃcients is required. In conventional PDM-QPSK sys-
tems this convergence can typically be obtained blindly, i.e., without knowledge of the
transmitted symbol at the receiver, an it is widely used the constant-modulus algorithm
(CMA). However, the large amount of taps used, as up to 120 taps per equalizer, prohibits
this option and the data-aided (da) LMS algorithm is used for the ﬁrst 5 × 105 symbols
in order to initialize the coeﬃcients and assure a fast convergence speed [33]. This algo-
rithm is identical to the decision-directed (dd) LMS, except that a priori knowledge of
the transmitted symbols dm(k) = am(k) is used and the carrier phase φm(k) is estimated
from the averaged deviation with respect to the absolute phase. In order to implement
this algorithm in a practical transmission system, a training pattern is required during
start-up which can decrease the net transmission rate.
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Chapter 4
Results and discussion
In this chapter the results of a 96-km three-mode ﬁber (3MF) [7] and the record transmis-
sion distance of 1200 km over a three-core ﬁber (3CF) [3] are exposed and explained. More-
over, it is reported the record of 137-km mode-multiplexed single-span transmission over
a few-mode ﬁber (FMF) [2] and the ﬁrst experimental demonstration of mode-equalized
distributed Raman optical ampliﬁcation in a FMF [2].
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Figure 4.1: Required OSNRpol at BER = 10
−3 vs. number of taps for 96-km 3MF with
6 dBm input power [7].
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4.1 Few-Mode Fiber
The performance of the 96-km 3MF is evaluated by calculating the bit-error rate (BER)
and comparing it with the back-to-back (B2B) experiment and the Shannon limit [12].
An N half-symbol spaced (T/2) taps equalizer, as described in section 3, is used in an
oine MIMO DSP.
First, we try diﬀerent number of taps N to obtain the required optical signal-to-noise
ratio per polarization (OSNRPol) at BER of 10
−3 (OSNRPol is deﬁned as the optical
signal power of one polarization and spatial mode divided by the noise power within 0.1
nm per spatial and polarization mode). The results are shown in 4.1. Analyzing the
curves, we can see that we need at least N = 120 taps to avoid any penalty. For N > 120
the improvement becomes negligible. Therefore, for evaluating the following experiments
N = 120 is chosen. This result matches the values obtained and discussed in section 4.3
on the channel estimation.
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Figure 4.2: BER corresponding to the 96-km 3MF with a 6× 6 MIMO with 6 dBm input
power [7].
In ﬁgure 4.2 the obtained BER for the 96-km 3MF, evaluated with N = 120, is shown.
The solid black lines show the B2B experiment, i.e. without transmission, with a small
penalty, from 0.45 to 0.78 dB at BER of 10−3, with respect to the Shannon theory (dashed
black line). Note that the bad point at 15 dB OSNRPol in the B2B curve is due to
some imperfections during the experiment. This low penalty is caused by the diﬀerent
elements of the systems such as couplers, ﬁlters, or bandwidth limitations of the electrical
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components. This small value show that the setup of the experiment is correct. Each of
the color lines show the resulting BER for one mode after transmission of 96 km over the
3MF as indicated in the legend. The penalty with respect to the B2B curves is very small,
from 0.37 dB to 0.8 dB at BER of 10−3, indicating that the transmission is achieved with
high quality.
In [34] it is presented a experiment where the coupling between the LP01 and the LP11
modes is negligible. This allows the reduction of DSP complexity by applying a 4 × 4
MIMO for the reception of the LP11 modes without big penalties. Here, to discuss if in
our system the full 6 × 6 MIMO is needed, we split the system in two subsystems. The
ﬁrst one is a 2× 2 MIMO system used for the received LP01x and LP01y. The second one
is a 4× 4 MIMO used for the received LP11ax, LP11ay, LP11bx, and LP11by. In ﬁgure 4.3,
the curves obtained with the 2 × 2 and 4 × 4 subsystems are shown. We can see that
the penalty, compared with the 6× 6 MIMO of ﬁgure 4.2, goes from 3 dB to more than
8 dB for the LP11 mode at BER = 10
−3. Moreover, for the LP01x and LP01y modes it
seems to exist an error ﬂoor and BER = 10−3 is not achieved. These results lead us to
conclude that for this system and for this kind of ﬁber the full 6× 6 MIMO is mandatory
in order to have a good performance. Further discussion and analysis about this topic is
developed in section 4.3 where it is found that the coupling between the diﬀerent modes
is not small enough.
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Figure 4.3: BER of 96-km 3MF with a 2× 2 plus a 4× 4 MIMO and with 6 dBm input
power [7].
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4.1.1 First multimode Raman ampliﬁcation and record transmis-
sion distance
In [2] the ﬁrst demonstration of an experimental mode-equalized optical distributed Ra-
man ampliﬁcation in a FMF was shown and 8 dB gain is achieved over all the ﬁber modes.
Moreover, the record transmission mode-multiplexed single-span transmission over a FMF
of 137-km is achieved, beating the previous record of 96 km discussed before.
Figure 4.4: Schematic of the Raman-MMUX [6]. HPP: horizontal pi-phase plate, VPP:
vertical pi-phase plate, BS: beam splitter, SMF: single mode ﬁber, FMF: few mode ﬁber,
f1 and f2 are lenses of focal length 100 mm and 3.9 mm, respectively [2].
The ampliﬁers are needed to increase the maximum transmission reach. The distance
without ampliﬁers is limited by the sensitivity of the receiver and by the maximum input
power to avoid non-linear eﬀects [35]. By inserting ampliﬁers between the transmitter
and the receiver the reach can be considerably increased. Hence, the capability of using
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ampliﬁers in a FMF is critical to implement practical systems over long distances in the
future.
In this experiment the setup and the oﬀ-line MIMO techniques used are the same as
explained in chapter 2 and chapter 3, except for the MMUX and the ﬁber arrangement.
Three diﬀerent 3MF spools of 96 km, 8 km, and 33 km are used to obtain a 137-km ﬁber.
In ﬁgure 4.4 the schematic of ﬁrst Raman-MMUX is shown. It is a modiﬁcation of the
MMUX explained in chapter 2 to add the Raman pump in order to achieve 8 dB gain
with a distributed Raman ampliﬁcation.
Figure 4.5: BER curves for 137-km transmission with ampliﬁcation (red circles) and
without ampliﬁcation (blue squares). A OSNRPol > 16 dB can only be reached with the
ampliﬁcation [2].
In ﬁgure 4.5 the BER after the 137-km transmission is plotted. The blue squares represents
the BER obtained without the Raman ampliﬁcation, i.e. the Raman pump turned oﬀ,
and the red circles show the BER with the Raman ampliﬁcation, i.e. the Raman pump
turned on. The performance for a given OSNRPol < 16 dB is very similar in both cases
but OSNRPol > 16 dB can only be reached with the Raman ampliﬁcation. This conﬁrm
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the improvement by using a distributed ampliﬁer. However, a considerable penalty of up
to 6 dB is found, probably caused by connection between the diﬀerent ﬁber spools.
This work demonstrates that increasing the transmission distance is possible by increas-
ing the number of taps of the equalizer and by using a distributed Raman ampliﬁer.
Furthermore, it is shown that the connection between diﬀerent 3MF spools is possible.
Nevertheless, further research in ampliﬁcation schemes and the impact of ﬁber connections
is suggested.
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4.2 Multi-core ﬁber
The same method used for the 3MF can be applied to evaluated the BER in a 60-km
3CF ﬁber. The obtained results were very promising, showing a very low power penalties
at BER of 10−3 and only a small number of taps were needed. Moreover, the obtained
BER for all the cores and polarizations, i.e. for the 6 `super-modes' [36] or spatial and
polarization modes, were very similar indicating that the performance of the diﬀerent
couplers is equivalent for all of them.
Figure 4.6: Loop setup. Green, blue, and red indicate electrical, optical, and electro-
optical components respectively. The blue triangles represent EDFA and the three circles
a ﬁber delay. LN-SW: LiNbO3 loop switch. [3].
The obtained results lead us to test the performance of this MIMO system over long
distances and to try to achieve the maximum possible reach. To that end, we build a
recirculating loop over the 60-km 3CF ﬁber with three LiNbO3 loop switches, as shown
in ﬁgure 4.6. In this experiment, the switches inject the transmitted signals into the loop
during a 2-ms loading cycle, and after close the loop for 9 ms. To minimize the spread
of the impulse response at the of the transmission the relative length of each individual
loop has to be precisely controlled. Further details and ﬁgures can be found in [3].
We calculated the BER for diﬀerent distances at the highest OSNR allowed by our system
(OSNRPol= 37 dB). In ﬁgure 4.7 the resulting BER as a function of the transmission
distance, the input power used for each core is 0 dBm, is plotted. Due to the increasing
delay between the diﬀerent super-modes with the distance (even though in this type of
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Figure 4.7: BER vs. distance in a 3CF for a 37 dB OSNRpol [3].
ﬁber the diﬀerential group delay (DGD) is much smaller than in the 3MF), the number
of taps L used is optimized depending on the number of loops evaluated. The range of L
goes from tenths of taps to around one hundred. In ﬁgure 4.7, we can see that at 1200 km
the BER is still below 10−3, i.e. the transmission could be done with high quality using
forward error correction codes (FECs). Hence, a SDM transmission of 240 Gb/s over
1200-km 3CF in a single wavelength is demonstrated.
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4.3 Channel Estimation
To have a better understanding of our systems we perform a channel estimation as done
in [6]. We assume a linear additive white Gaussian noise (AWGN) channel as modeled
in ﬁgure 4.8. Here, sk is a vector with the transmitted training sequence, xk is a matrix
with the 6 received signals, k indicates the time step, and h is the channel that we want
to estimate. Note that in our system we have 6 inputs with the same signal delayed, these
delays will appear in our channel estimation. We can identify these delays as the diﬀerent
transmitters (6 columns in ﬁgure 4.9).
Figure 4.8: Channel model used for the channel estimation.
The channel estimation used in this section is a small modiﬁcation of the LMS used to
evaluate the performance of the system. Using as an input the transmitted pattern and
as a reference the received symbols. The following equation shows the update algorithm
for the estimation hˆ of h
hˆk+1 = hˆk + 2µ(xk − hˆTk sk)s∗k . (4.1)
Here, xk is the k-th received sample and sk = [ak, 0, ak+1, 0, . . . , ak+N−1, 0]T is a vector of
N two times oversampled1 complex transmit symbols ak that contribute to xk, µ is the
LMS adaptation constant, the superscript T denotes the vector transpose, and ∗ indicates
the complex conjugate. In the following sections the channel estimation hˆ is plotted. Each
row represents one receiver and the diﬀerent color columns are the 6 transmitters.
It is important to note that the channel estimated in the following section is not just
the ﬁber, it includes all the components between the transmitters and the receivers, i.e.
ﬁber, couplers, DMMUXs, MMUXs, ampliﬁers, BPFs, VOAs, and also digital-to-analog
converters (DACs) and analog-to-digital converters (ADCs) of the transmitters and the
receivers, respectively.
1the duration of the samples is T/2, where T is symbol duration.
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4.3.1 Few-mode Fiber
In ﬁgure 4.9 the channel estimation for the 96-km 3MF system is shown. A 37 dB OSNRPol
is used in order to minimize the noise and to obtain a better estimation of the channel
h. The pattern ak used is the same complex signal generated in the pattern generator of
section 2.1 with N = 4096 symbols. After oversampling it into sk our estimation hˆ have
6 vectors, one for each receiver, of length 2 · 4096 = 8192 symbols.
The obtained channel estimation can be divided into four regions A, B, C, and D. A is
formed by the impulse-response between the polarization modes LP01x and LP01y. In this
region we can see that the coupling between the two modes is very strong, i.e. the power
is completely mixed between this modes. D is formed by the impulse-response between
the LP11ax, LP11ay, LP11bx, and LP11by. Here, the signal is also strongly coupled between
the four modes.
Regions B and C show the crosstalk between the LP01 and the LP11 modes. Even though
the amount of power is much smaller than in regions A and D, the peaks are at least
15 dB down, this power is needed in order to get a good performance, i.e. a full 6 × 6
MIMO is required as discussed in 4.1 and shown in ﬁgure 4.3.
Looking at the region C or D, where a mixture of LP01 and LP11 modes is found, we
can measure the spread of the impulse response. Even though the peaks are not very
sharp it is easy to measure that they are delayed by around 110 taps which corresponds
to 2.75 ns. This diﬀerence is due to the DGD between the modes. The maximum delay
between the modes expected by the ﬁber parameter of 60ps/km is 5.7 ns meaning that
the ﬁber behaves as expected.
Also, this measurement matches the required number of taps found in ﬁgure 4.1 120 taps
which corresponds to 3 ns, i.e. with 120 taps we can capture all the power of one transmit
signal and hence the best performance achievable with this algorithm is found.
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Figure 4.9: Channel estimation of 96-km 3MF. Each row represents one of the 6 receivers,
and each color column one of the 6 transmitters. Regions A,B,C, and D show the impulse-
response between the diﬀerent input modes and output modes. A: between the modes
LP01x and LP01y. B and C: crosstalk between the LP01 and the LP11 modes. D: impulse-
response between the LP11ax, LP11ay, LP11bx, and LP11by [7].
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Chapter 5
Conclusion
In this work, spatial division multiplexing (SDM) in optical communications is analyzed.
We have demonstrated that SDM can be performed on a few-mode ﬁber (FMF) or a
multi-core ﬁber (MCF). In particular, six spatial and polarization modes are used on
a three-mode ﬁber (3MF) and in a three-core ﬁber (3CF). In both cases, a 6 × 40-
Gb/s QPSK signal is transmitted and received by three polarization-diversity coherent
receivers (PD-CRX). Oﬀ-line MIMO equalization techniques are successfully used to undo
the crosstalk between the diﬀerent propagation modes.
A total of 240 Gb/s, using a 6 × 6 QPSK, transmission over 96-km 3MF with less than
1-dB penalty is demonstrated. The experimental results and the analysis of the system
impulse response show that a full 6 × 6 MIMO DSP is required to avoid a big power
penalty. Also, the record transmission distance of 137 km over a 3MF and the ﬁrst
demonstration of a single distributed Raman ampliﬁer working for all the spatial and
polarization modes at the same time are reported.
A record 1200-km transmission at 240 Gb/s over a 3CF is presented demonstrating that
MCFs in combination with MIMO techniques to cancel the high crosstalk in this type of
ﬁber are viable long-haul transmission technologies.
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